Modelling negative feedback networks for activating transcription factor 3
predicts a dominant role for miRNAs in immediate early gene regulation

M.J. Tindall and A. Clerk
Text S1

We detail each of the mathematical models developed to consider the possible pathway
interactions shown in Figure S1 in Text S1. All of the mathematical models were solved
using the inbuilt stiff differential equation solver odelbs in Matlab (Mathworks, Version
7.11.0.584).
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Figure S1: Potential feedback regulation of Atf3 and Egrl mRNA expression.
Known pathways (solid lines) and 4 hypothetical pathways (dotted lines) controlling the
expression of Atf3 mRNA are shown. Hypothetical pathways are numbered [1]-[4]. Ar-
rows indicate protein activation/upregulation, mRNA transcription or protein translation
whilst negative regulation is shown by horizontal lines. The symbol “¢” indicates degra-
dation of the respective mRNA /protein/complex as indicated.



S1 Revised original model: Atf3 protein inhibits tran-
scription of Egrl

In the original model in which Atf3 regulates Egrl mRNA (S6) the action of phospho-
rylation of the transcription factors driving Egrl and Atf3 mRNA expression levels were
implicitly assumed. In this model revision we explicitly assume the binding of transcrip-
tion factors to the associated Egrl and Atf3 genes and their subsequent phosphorylation
by phosphorylated ERK. This allows us to include a description of phosphorylated ERK
de-phosphorylation which was not considered in our earlier work.

S1.1 Reaction equations
The phosphorylation of MKK by ET-1 is denoted by

k1
ET-1+ MKK — ET-1 + MKK-P, (1)

which subsequently phosphorylates the unphosphorylated ERK
k
MKK-P + ERK — MKK-P + ERK-P. (2)
ERK-P subsequently de-phosphorylates such that
dg
ERK-P — ¢. (3)

ERK-P is now free to phosphorylate transcription factors of Egrl (TFgg) and Atf3 DNA
(TF ate3), which we assume are already bound to the DNA of each species, such that

k3
TFpg1 - DNAggi + ERK-P 15 TF-Pggi - DNAgg, + ERK-P (4)
and
ks
TFAtfg . DNAAtfg + ERK-P 1:5 TF—PAtB . DNAAtB + ERK—P, (5)

which are subsequently transcribed to produce the associated mRNAs

k

TF-Prg - DNAgg — mRNAg,., (6)
and .
6

TF-Pagss - DNAsys — mRNA s, (7)



Both the phosphorylated bound transcription factors dephosphorylate in time
TF-Ppg - DNAgg — TFpg - DNAgg

TF-Paus - DNAAws — TFags - DNAags
and the mRNAs subsequently degrade

d1 d2
mRNAEgﬂ — QZS, IIlRNAAtfg — gb
Here - denotes a complex and ¢ the degraded entity.
The suppression of Egrl mRNA transcription by Atf3 is described by

k7
TF-Pigy - DNAgg + Atf3 i, TF-Ppgy - DNAgg, - Atf3.

(11)

Finally the translation of Atf3 mRNA to Atf3 protein and subsequent degradation of the

protein are denoted by

k d
mRNA s — A3 and  Atf3 — ¢p,

(12)

respectively, where ¢ p denotes degraded protein. In this work we do not explicitly account

for the degraded mRNAs, Atf3 protein or dephosphorylated ERK-P.



S1.2 Mathematical Model

Applying the Law of Mass Action (S8) to equations (1)-(12) yields
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(24)

where er represents the concentration of ET-1 (denoted er=[ET-1] and assumed con-

stant), m=[MKK], mp=[MKK-P], E=[ERK], Ep=[ERK-P], Tp=|TFpy - DNApgu],
Tep=[TF-Pgg1 - DNAgg|, Ta=[TFatt3 - DNAaus), Tap=[TF-Pags - DNA p¢s],

Mp=[mRNAgg ], Ms=mRNA ], S=[TF-Pgg1 - DNAgg1-Atf3] and A=[Atf3]. Here all
non-zero initial conditions are given by m = mg, E = Ey, Ty = Ty and Ty = T at

t=0.

Conservation of Tr and T4 means

and

Tg +Tgp + S = Tko,

Ta+Tap = Tao,



which along with solving for mp as detailed in (S6) gives the reduced system of equations

mp(t) = mo(1—eMert), (27)

dFE

% = —kgmpE, (28)
dF

d_tP = kympFE — dyEp, (29)
Ter BTy — T S) — k_3EpT ko TipA S

Il = ksEp(Tgy—Tgp — S) — k_sEpTrpp — kilTppA+ k7S —dnTrp, (30)
dT

d?P = ksEp(Tao —Tap) — k_5TapEp — dpTap, (31)
dM

th = ]{Z4TEp—d1ME, (32)
dM

th — JkTap — dyMoa, (33)

dA

- = ksMa — keTppA + k_7S — d3A, (34)

dS

= keTppA— ks, (35)

with the initial conditions
E=Ey,, Ep=0, Tgp=0, Tap=0 Mg= Mgy, Ms=0,
A=0 and S=0. (36)

S1.2.1 Parameterisation, model solutions and sensitivity analysis

Model parameters are summarised in Table S1 in Text S1. The revision of our original
model (S6) requires knowledge of 8 further parameters. These are: (i) the forward and
reverse rates of bound transcription phosphorylation for Egrl DNA and Atf3 DNA (ks,
k_3, ks, k_5), respectively; (ii) the reverse rate of Atf3 binding to the phosphorylated
transcription factor on Egrl (this was excluded in our original model for reasons of sim-
plification); (iii) the rate of ERK-P de-phosphorylation (dy); and (iv) de-phosphorylation
rates for the phosphorylated transcription factors bound to Egrl and Atf3.

Given the qualitatitve nature of the data available to fit these new parameters (Figures
1D, 1F and 1G) a fit-by-eye was determined as the best method for fitting the mathemat-
ical model to the experimental data. Having determined these values a local sensitivity
analysis, whereby each parameter was varied 2 orders of magnitude above and below their
initially estimated value (see Table S1 in Text S1), was undertaken in order to evaluate
how good a prediction each parameter estimate was. This was likewise undertaken for all
the remaining models.

The forward and reverse rates of Egrl and Atf3 bound transcription factor by ERK-P
(ks and kj) were obtained by fitting Tgp and Tap to the data in Figures 1F and 1G,
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Figure S2: Revised original model: The predicted concentration of: (a) phos-
phorylated MKK1/2; (b) phosphorylated ERK; (¢) Trp bound to Atf3 DNA; (d)
Trp bound to Egrl DNA; (e) Atf3 mRNA and Atf3 protein; and (f) Egrl mRNA
in the presence and absence of Atf3.



respectively. Estimates were then made of the reverse rates (k_3 and k_5) as shown in
Table S1 in Text S1. ERK-P de-phosphorylation (dg) was obtained by making a good
fit-by-eye between the data shown in Figure 1D. An initial estimate of 1.00 x1072 s}
was made for k_7, the rate of reverse association of Atf3 for Egrl DNA, however, this
value greatly decreased the levels of Egrl mRNA below those experimentally observed
(see Figure 1B). Utilising our sensitivity analysis we determined a value of 1.00 x10~*
s71 gave a much better fit to the model. The dephosphorylation rates of the Egrl and
Atf3 bound transcription factors (TF'PEgrl and TF-P p(¢3) were determined by fitting
the model with data shown in Figures 1F and 1G. Finally, a best fit for the Egrl data was
obtained by increasing the rate of both Atf3 and Egrl transcription 5-fold in comparison
to that originally stated in (S6). This increase is feasible given the earlier work used the
lower bounded estimate of transcription for both genes.

We also chose to investigate variation of all the remaining parameter values, each of which
had been informed from experimental data within the literature as detailed in Table S1
in Text S1. These results revealed no unexpected behaviour. For instance decreasing the
rate of Egrl transcription meant not enough Egrl mRNA was produced to be discernable;
increasing Egrl transcription did not affect the initially observed results. Decreasing the
transcription of Atf3 reduces the amount of Atf3 produced, which in turn increases the
amount of Egrl mRNA (via the negative feedback relationship) such that it no longer
fits our experimental data. Decreasing and increasing the rate of Atf3 translation had a
similar effect. Likewise increasing/decreasing Atf3 mRNA degradation and likewise Atf3
led to more/less Egrl mRNA being produced.

Solutions to the revised model are shown in Figure S2 in Text S1.

S2 Model Extension 1 - Atf3 protein inhibits Atf3
transcription

Here we consider Pathway 1 in Figure S1 in Text S1 where Atf3 protein binds to Atf3
DNA to inhibit its own transcription

k11

Atf3+DNApgs £ Atf3-DNAj g, (37)
which is in competition with the binding of the transcription factor TF p{p3 which is
required for Atf3 transcription

M
TFAg3 +DNApgrs X0 TFpgrg - DNA ¢, (38)
and which is subsequently phosphorylated by ERK-P
ks
TF p¢g3 - DNA g g3 + ERK-P -, TF-Pppg- DNApgs + ERK-P. (39)
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Parameter | Definition Value Source
mo Total MKK. 130nM (S6)
E, Total ERK. 130nM (S6)
Mg Initial Egrl mRNA concentration. 1pM (S6)
Do Egrl DNA concentration. 33.2pM (S6)
kie Rate of MKK activation by ET-1. 8.30x1073 s7! (S6)
ko Rate of ERK activation by MKK. 1.28%10° (Ms)™! (S6)
ks Rate of ERK-P phosphorylation 1.00x10° (Ms)~! | This study.
of TFEgrl 'DNAEgrl‘
k_3 Rate of ERK-P reverse phosphorylation | 1.00x10? (Ms)~! | This study.
of TFEgrl'DNAEgrl'
ky Egrl mRNA transcription rate. 1.04 x1073 571 This study.
ke Atf3 mRNA transcription rate. 1.55 x107* 7! This study.
kr Rate of Atf3 suppression of Egrl. 1.00 x10% (Ms)~! | This study.
k_7 Reverse rate of Atf3 suppression of Egrl. | 1.00 x10~* s7* This study.
ks Atf3 translation rate. 0.25 s7! (S6)
ks Rate of ERK-P phosphorylation of 1.00x10° (Ms)~! | This study.
of TH pt£3 DNA p 3.
k_s Rate of ERK-P reverse phosphorylation | 1.00 x10% (Ms)™! | This study.
dp Dephosphorylation rate of TFEgrl . 4.72 x 1075 571 This study.
dpo Dephosphorylation rate of TF p1¢3 - 4.72 x 1073 71 This study.
dy Degradation rate of Atf3 mRNA. 8.89 x 1074 571 (S6)
ds Degradation rate of Egrl mRNA. 2.36 x 1074 s7! (S6)
ds Degradation rate of Atf3 protein. 2.36 x 107% 57! (S6)
dy Rate of ERK-P de-phosphorylation. 5.90 x 107* 571 This study.

Table S1: Model parameter values for the Revised Model of Atf3 protein suppressing Egrl

mRNA expression.




The phosphorylated transcription factor can undergo de-phosphorylation such that

dp2

TF-Pagss - DNAaws — TFags - DNA g, (40)

This system of reactions leads to the following additional (for TF i, DNAays and
Atf3-DNAs¢e3) and revised (for Atf3 and TF ai3-DNAaes) ODESs

dF

— = ~MFDat+ ATy, (41)
dT'y
— = MEDy = ATy — ksTaEp + k_5TapEp + dpTap, (42)
dT
d?P = kZ5TAEp — ]C_5TAPEP - dpQTAP7 (43>
dA
ar —k1ADs+k-11Tas — kiTepA + k7S5 + ksMa — d3 A, (44)
dD
d_tA = —MFDA+ ATy —ki1ADy + k_11T s, (45)
dTl’
d?S = knADy — k_11Txs, (46)
with
F= FO and DA = DAO (47)

at t = 0 and all other initial conditions are zero. Here F'=[TF s3], Da=[DNAa¢s] and
Tas=[TF aet3- DNA p¢s3).

Conservation of D4 (adding equations (42), (43), (45) and (46), integrating with respect
to time and applying the initial conditions) leads to

Da+Ta+Tap+Tas = D ao. (48)

A similar relationship holds for F

F+T,+Typ =F,. (49)

Assuming equation (46) is quasi-steady and utilising equation (48) leads to
k11 A(Dag —Ta —Tap — Tas) — k_11Tas =~ 0. (50)

which on re-arranging gives
Dao—Ta—Tap), (51)

where KH = ]C_H/]{ZH.



This leads to the revised system of equations

mp(t) = mo(1—e™r"), (52)
dE
— = —kympE
dt omplrv, (53)
1))
_ddtp = kgmpE - dng, (54>
dT;
o = kaBp(Tpo — Tpp — 5) = ks BpTep — kiTopA + koS — dpTep, (55)
dT, MKy

= Fp-T4y—-T Dy —T4-T — ATy — ks EpT k_:TipE
I A—i-Ku( 0 A 4p)(Dag A AP) 11 A sLplag+ K5l aplip

+dyoTap, (56)
dT'sp
- = ksEpTa— k_sTapEp — dpTap, (57)
dM
th = k4TEP — dlME, (58)
dM
th = kGTAP — dQMA, (59)
dA
E - kgMA - k7TE‘pA + k,7S - d3A, (60)
ds
— = kiTppA— koS, (61)

with the initial conditions
E = FE,, Ep =0, Tep =0, T,=0, Typ =0, Mg = Mg
My =0, A=0, and S=0.

S2.1 Parameterisation, model solutions and sensitivity analysis

This model requires three new parameters: (i) the association constant for which Atf3
protein associates with Atf3 DNA (K;); and (ii) the forward and reverse rates of the Atf3
transcription factor for Atf3 DNA. These were informed as follows. Ki; was assumed to
have an initial value of K7; = 0.1nM, a value in line with that previously found in (S6).
This value was varied in order to understand how Atf3 association for its DNA affected
the Atf3 mRNA and Atf3 concentration profiles as discussed in the main text. The ratio
of A_1/A; was assumed to have a similar value to K71, but a slow rate of reversal, such
that A\_; = 1x107*/s was chosen. This leads to a value of \; = 1x10°(Ms)~!. Variations
to A; and A_; (informed by a sensitivity analysis) showed that decreasing this ratio 2-fold
had no effect on the results shown in Figure S3 in Text S1. Increasing the ratio 2-fold
decreased the amount of bound Atf3 transcription factor and thus the amount of Atf3,
which increased the amount of Egrl which does agree with the experimental data shown
in Figure 1B. The effect of increasing the rate of association of Atf3 for Atf3 DNA (K1)
is shown in Figures 1B and 1C of the main text.
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Figure S3: Pathway 1 - Atf3 protein inhibits Atf3 DNA transcription:
The predicted concentration of: (a) the Atf3 bound to Atf3 DNA ; (b) Atf3 mRNA
and Atf3 ; (c) Egrl mRNA; and (d) the phosphorylated transcription factors bound
to Atf3 and Egrl. The concentration of MKK1/2 and ERK-P are the same as those
shown in Figures S2(a) and (b).
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S3 Model Extension 2 - RSK-P inhibits Atf3 DNA

transcription

Here Pathway 2 in Figure S1 in Text S1 acts and leads to RSK being phosphorylated by
ERK-P

k
ERK-P + RSK — ERK-P + RSK-P. (62)

Two transcription factors then compete for sites on the Atf3 DNA, that which binds to
Atf3 and is phosphorylated by ERK-P (as per equations (38) and (39)), and RTF

A2

RTF + DNApf3 1. RTF-DNA 3, (63)

which is subsequently phosphorylated by RSK-P

k1o

RTF - DNAp g3 + RSK-P 7, RTF-P-DNAp g3 + RSK-P. (64)

The additional and revised governing ODEs for these reactions are given by

dR

— = —kE,R 65
dt v %)
dR
— = kEpR—duRp. (66)
dD 4
7 — _)\1FDA —|— )\71TA — )\2FRDA + )\72TR7 (67>
dF:
R = _)\QFRDA + )\72TR7 (68)
dt
dr,
d—tR = )\ZFRDA — )\,QTR — klOTRRP —+ kfloTRPRP + dp5TRP7 (69)
dT’
d}:P = k‘loTRRp — k,wTRPRP - dpSTRPa <7O)

where R=[RSK], Rp=[RSK-P|, Fr=[RTF], Tr=[RTF - DNAp{¢3] and Trp=[RTF-P -
DNA p¢f3] and the initial conditions are defined by

R:RO, RPZO, DA:DAO, FR:FRU, TRZO and TRPZO. (71)

Conservation of Atf3 DNA holds from the addition of equations (42), (43), (67), (69) and
(70) such that
Da+Ta+Tr+Tap+Trp = Dao, (72)

and likewise that of RTF
FR—I—TR+TRPZFR0. (73)

12



We also note that equation (49) still holds.

Bringing these results together, the revised systems of governing equations is given by

mp(t) mo (1 — e ™ert) | (74)
dE
— —k E
dt omplrv, (75)
dE
d—tp kampE — dyEp, (76)
dR
— —koRE
dt QR P, (77>
dR
—= = kREp—duRp, (78)
dTgp
7 ksEp(Tpo — Tep — S) — k_sEpTrp — ki ATgp + k_7S — dpTgp, (79)
dT 4
7 M(Dao—Ta—Tr —Tap —Trp)(Fo —Ta —Tap) — A1Ta
—ksEpTa + k_sTypEp + dypTap, (80)
dT,
d_tR Mo(Dao—Ta —Tr —Tap —Trp)(Fro — Tr — Trp) — A_2Tr
—kioRpTRr + k_10TrpRp + dpsTrp, (81)
dT
o5 = ksEpTa— k_sTapEp — dypTap, (82)
dT,
d};P kiwRpTr — k_10TrpRp — dpsTrp, (83)
dM
th k‘4TEP — dlME, (84)
dM
th k’@TAP — dgMA, (85)
dA
o ksMa — kiTppA + k_75 — d3A, (86)
d
—S k7TEPA — k,7S, (87)
dt
with the initial conditions
EZEO) EP:O7 RZROa RP :07 TEP:07 TA :07 TR:()a TAP =0
TRPZO, ME:ME(), MAZO, A=0 and S=0. (88)

S3.1 Parameterisation, model solutions and sensitvity analysis

This model extension leads to the new parameters Ry (initial concentration of RSK),
kg (rate of RSK phosphorylation by ERK-P), dyg (rate of RSK-P de-phosphorylation),
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Figure S4: Pathway 2 - RSK-P inhibits Atf3 transcription: The predicted
concentration of: (a) phosphorylated RSK; (b) phosphorylated transcription factor
bound to Atf3 DNA; (c) Atf3 mRNA and Atf3; and (d) Egrl mRNA. The concen-
tration of MKK1/2 and ERK-P are the same as those shown in Figures S2(a) and

(b).
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Ao and A_, (the rates of association and disassociation of RTF for Atf3 DNA) and kg
and k_jo (the rates of phosphorylation and de-phosphorylation of RTF bound to Atf3
DNA). A fit-by-eye to the RSK data shown in Figure 3C yielded kg = 1 x 105 (Ms)~!
and dip = 5.9 x 107* s7!. We assume that \o=X\; and \_o=A\_1, kig = ks, k_10 = k_5 and
Ry = Ej (the total amount of RSK is assumed equal to that of ERK).

Solutions to the model equations are shown in Figure S4 in Text S1. The effect of varying
the competition between TF and RTF for Atf3 DNA on Atf3 mRNA, Atf3 protein and
Egrl mRNA levels (sensitivity analysis) are discussed in the main text.

S4 Model extension 3 - ITF suppresses Atf3 tran-
scription
In this case Pathway 3 in Figure S1 in Text S1 acts and leads to ITF protein being

transcribed by RSK-P. This pathway begins by RSK-P phosphorylating the transcription
factor bound I'TF DNA such that

k12

TFrrr - DNArp + RSK-P 4, TF-Pip - DNArpy + RSK-P, (89)

which subsequently produces ITF mRNA

k1
TF-Prrg - DNAppp — mRNAjp, (90)
or de-phosphorylates
dp
TF-Prrg - DNA{pp — TFire - DNA[pR. (91)

The ITF mRNA is subsequently translated to ITF protein

k14

whereby ITF protein subsequently binds to Atf3 DNA to inhibit transcription

kis
ITF +DNAp g3 k45 ITF - DNAp g3, (93)

Finally the ITF mRNA and protein each degrade

d ds
mRNAirp — ¢ and ITF = ¢. (94)

15



Applying the law of mass action to this series of reactions leads to

dTy

—= = —ki12TiRp + k_19TrpRp + dpsTyp, (95)
dgfp = kpTiRp — k_12T1pRp — dp3Tip, (96)
% = ki3Trp — dyMj, (97)

% = kuM;—kisIDy+k_15T14 — ds1, (98)

d% = —MFDA+ ATy — kisIDy + k_15Tya, (99)

Cﬁz_f = —MFD4+ ATy, (100)
dd% — MFDy —ATa — ksTuEp + k_sTapEp + dpTap, (101)
dz;:P = ksTuEp — k_sTupEp — dpyTap, (102)
drgff = kisIDa — k_15T74, (103)

where T[:[TFITFDNAITF], TIP:[TF_PITFDNAITF]7 M]:[mRNAITF], ]:[ITF],
T714=[RSK-DNA[TR] and the initial conditions are given by

TI:T[07 TIP:Oa M[ZO, [:Oa DA:DA07 FZFO?
TA = O, TAP =0 and T[A = 0. (104)

As with the previous pathways we first observe that addition of equations (99), (101),
(102) and (103) leads to conservation of Atf3 DNA such that

Da+Tu+Tap+Tia= Dy (105)

Likewise conservation of the transcription factor bound to Atf3 DNA holds as defined by
equation (49) and addition of equations (95) and (96) gives

Tr + Trp = Tpo. (106)
Assuming equation (103) is quasi-steady leads to

T]AE

Daog—Ta —Tap). 107
e (Do = Ta = Tap) (107)
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Utilising these results leads to the simplified system of

mp(t) mo (1 — e fert) | (108)
dFE
E —k’gmpE, (109)
E
dd_tp k?gmpE - dng, (110)
dR
— —koRE 111
dt omER (111)
d
r — kREp— ik, (112)
dT)
diP kio(Tho — Tip)Rp — k—12TrpRp — dpsTyp, (113)
dM
— = kuTip — diMy, (114)
dl
— kiaMp — dsl 115
7 1uMr —ds1, (115)
dT)
dfp ksEp(Tgo — Tep — S) — k_sEpTp — ki ATgp + k_7S — dpyTip, (116)
dT’ MK
th 7 j_ lé; (Fo =Ta—Tap)(Dao—Ta —Tap) — X114
—k’5EpTA + k—BTAPEP + dpgTAp, (117)
T
d df;‘P ks EpTa — k_sTapEp — dyyTap, (118)
M
d th ks Tep — di Mg, (119)
dM
th ke Tap — doM 4, (120)
dA
= WMy~ kiTppA+ k1S — dsA, (121)
% k7TEPA — k'_7S, (122)

with the initial conditions

E=FEy, Ep=0, R=Ry,, Rp=0, T;p=0, M;r=0, [=0, Tgp=0,
TA = 0, TAP = 0, ME = ME(), MA = 0, A= 0 and S=0. (123)

S4.1 Parameterisation, model solutions and sensitivity analysis

We require six further parameters for this model: (i) the disassociation constant of ITF
protein for Atf3 DNA (K75), which we assume is equal to that of RSK-P for Atf3 DNA
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Figure S5: Model Extension 3 - ITF supresses Atf3 DNA transcription:
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(c) Egrl mRNA; and (d) ITF protein bound to Atf3 DNA.
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(K15 = Kyo); (ii) ITF transcription (k13) which we assume equal to that of Atf3 transcrip-
tion (k13 = k¢); (ili) translation rate of ITF protein (k14) which we assume equal to that of
Atf3 translation (k14 = ks); (iv) bound ITF transcription factor dephosphorylation (d,3),
which we assume equal to that of Atf3 (dp3=dy2); (v) ITF mRNA degradation (d,) which
we assume equal to Atf3 mRNA degradation (dy = ds); and (vi) ITF degradation (ds)
which we assume equal to that of Atf3 (d5 = dj).

Solutions to the model equations are shown in Figure S5 in Text S1 and are discussed in the
main text. A sensitivity analysis of the model (methodology detailed in Section S1.2.1)
revealed that increasing or decreasing Kj5 had no affect on the model solutions; the
concentration in ITF is only briefly high enough to impeded Atf3 transcription (see Figure
S5(d) in Text S1) and varying the disassociation rate 2 orders of magnitude up or down was
not enough to affect the overall Atf3 response. Increasing/increasing ki3 led to increases
in ITF levels, but this do not affect the Atf3 mRNA or Atf3 profiles and subsequently the
Egrl mRNA profile remained the same. Varying the remaining parameters, ky4, dy, ds
and dp3 altered the amounts of ITF subsequently produced (mRNA and protein). Both
of these variations were again not high to alter the Atf3 mRNA or Atf3 profiles and
subsequently Egrl mRNA given the transient nature of ITF binding to Atf3 DNA.

S5 Model Extension 4 - RSK-P driven microRNA
expression increases Atf3 mRNA degradation and/or
inhibits protein synthesis

Here we consider Pathway 4 in Figure S1 in Text S1 in which microRNA expression is
facilitated by the phosphorylated RSK. The transcribed microRNA is then free to bind
to Atf3 RNA whereby it forms an inactive complex, thus reducing the quantity of mRNA
available for Atf3 translation.

At the start of this pathway

k
ERK-P + RSK — ERK-P + RSK-P, (124)

whereby RSK-P associates with the microDNA bound transcription factor to phosphory-

late it
k16

TF - miDNA + RSK-P k’—:w TF-P - miDNA + RSK-P. (125)
The phosphorylated transcription factor subsequently produces premiRNA

k
TF-P-miDNA  — premiRNA, (126)
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or de-phosphorylates

dpa
TF-P-miDNA —  TF - -miDNA. (127)
miRNA is produced from the premiRNA
k
premiRNA — miRNA (128)
and both subsequently degrade
de d?
premiRNA — ¢ and miRNA — ¢. (129)

Finally the miRNA can bind to the Atf3 RNA to form an inactive complex which inhibits
Atf3 RNA translation

k19

miRNA + mRNA z g3+, miRNA - mRNA g, (130)

and the complex can subsequently be degraded such that

d
miRNA - mRNA g g3 — ¢ (131)

The additional ODEs describing these reactions are given by
dT,,

= —ki T Rp + k_16TnpRp + dpsT},p, (132)
dz’zp = kigTmRp — k_16TupRp — dpsThp, (133)
d?;—tp = ki/Tp — demp, (134)
dgb_tR = kismp — kiompMy + k_19Ty — d7mp, (135)
di\i/‘ = kT — kigmrMy + k_19Tn — da My, (136)
CZ_tM = kyompMa — k19T — dsTas, (137)

where T,,,=[TF-miDNA], T,,,p=[TF-P-miDNA], mp=[premiRNA], mr=[miRNA],
Ty=[miRNA-mRNA j (3], with the initial conditions

Tm = 4m0;, Tmp == 0, mp = 0, mpr = 0, MA =0 and TM =0. (138)

From this system of equations we see that the quantity of miDNA transcription factor is
conserved (summation of equations (132) and (133))

Ty + Trup = Tino. (139)
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This allows us to reduce the system of governing ODEs for Pathway 4 to

mp(t) = mg(1—e e, (140)
W= hme, (141)
dd% = kympE — dyEp, (142)
‘;_f — —kyREp, (143)
df% = kyREp — dioRp, (144)
dZ?P = k3Ep(Tpo — Tep — S) — k_3EpTpp — kiTepA+ k7S — dpTep, (145)
di—l’?P = ksEp(Tao — Tap) — k-sTapEp — dpTap, (146)
di\z? — bTer— diMa, (147)
di\;f“ = keTaP — kygmpMa + k19T — oMy, (148)
% = ksMa — ki TpA+ k 7S — d3A, (149)
% — kTeA — k15, (150)
dz’zp = ki6(Tomo — Tor)Rp — k_16TrpRp — dpsTrnp, (151)
T—tp = kirTomp — dgmp, (152)
d;n—tR = kismp — kyompMa + k_19T — drmp, (153)
ddlzw — hyemaMa — k_ 10Ty — dsThs, (154)

with the initial conditions
E = Ey, Ep =0, R = Ry, Rp =0, Tep =0, Typ =0,
ME:ME()v MA: y A: ) SZO; TmP:07 TTLPIO,
mr=0 and Ty =0.

S5.1 Parameterisation, model solutions and sensitivity analysis

This extension to the model introduces eight new parameters. A number of these are
currently unknown experimentally and we hence proceed to inform them as follows.
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kg, k_16 - We assume the rate of phosphorylation for the transcription factor bound
miDNA is equal to that of the transcription factors bound to Egrl and Atf3 by
ERK-P (ki = k3). The reverse rate of phosphorylation (k_j6) is assumed equal to
k_3.

k17 - We assume the rate of miDNA transcription is the same as that of Atf3 mRNA
transcription, i.e. k7 = kg.

k1s - The rate at which premiRNA is converted to miRNA is assumed to be 0.5/s (double
the rate of Atf3 translation).

k19 - The rate at which miRNA associates with Atf3 mRNA is assumed to be 1x10°
(Ms)~! (equivalent to the rate we have set for Atf3 protein binding Egrl DNA).

k_19 - The reverse rate at which miRNA associates with Atf3 mRNA is assumed to be
5x107°/s - the value that was found to give the best qualitative fit to the experi-
mental data.

dg, d7 and dg - We assume the rate of decay of premiRNA (dg) and miRNA (d7) takes
approximately 24 hours, which is line with recently published data (S5; 10). This
leads to a decay rate of dg = 8.02x107% = d;. The rate of decay of the complex
miRNA-mRNA 53 is assumed the same as that of Atf3 mRNA, i.e. dg = ds.

d,4 - This is assumed equal to that of phosphorylated Atf3 bound transcription factor
degradation (d,y = dp2).

The effect of introducing the miRNA process on the expression levels of Atf3 mRNA
is shown in Figure S6 in Text S1 and discussed in further detail in the main text. A
sensitivity analysis of the model parameters (see Section S1.2.1 for methodology) revealed
that when ki was increased/decreased the Atf3 mRNA, Atf3 and Egrl profiles remained
the same, but less/more Atf3 was produced. This is because increasing/decreasing RSK-
P phosphosrylation of the transcription factor bound to the miDNA produces more/less
miRNA which leads to less/more Atf3 mRNA and subsequently Atf3. However, this affect
is not so large over the two orders of magnitude variation in k4 so as to dramatically affect
the concentration of Atf3 mRNA, Atf3 and Egrl mRNA. The same effect was observed
when altering k_16. It was found that varying k19 and k_19 had the same effect due to the
immediate association between miRNA and Atf3 mRNA in increasing/decreasing levels
of Atf3 mRNA.

Increasing k7 decreased the amount of Atf3 mRNA and thus Atf3 which subseqently led
to an increase in Egrl mRNA such that it no longer matched the experimental data. A
similar result was found when k;7; was decreased meaning that the Atf3 mRNA profile no
longer fitted the experimental data. In each case the Egrl mRNA profile remained the
same. Similar effects were observed when ki3 was subsequently increased or decreased.
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When increasing and decreasing the rates of degradation dg and d; the solutions for Atf3
mRNA, Atf3 and Egrl mRNA remained the same; the concentration of Atf3 mRNA
and Atf3 either rose or fell, but not significantly. Increasing or decreasing dg had enough
effect to allow improved fitting of the Atf3 mRNA solution with the experimental data (see
main text for discussion). Increasing d,s had more of an effect on the model - data fitting
as it more strongly influences how much miRNA is produced early on in the signalling
cascade; in this case the Atf3 mRNA profile no longer matches the experimental data as
not enough miRNA was produced to reduce the Atf3 mRNA levels. However, the Egrl
mRNA remained the same. Decreasing d,, had no appreciable effect on the solutions.
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